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ABSTRACT 


Slip power recovery scheme employing a new control st- 
rategy for improving the supply power factor is investigated. 
A diode bridge and a P'JIi converter are used in tie rotor cir- 
cuit giving subsjniohronous speed control range, i'iie induction 
motor drive is started initially with a starting thyristor 
in series with a current limiting resistor, the inverter gat- 
ing circuit is designed .such that the starting thyristor is 
line commutated. Simple DO and AO equivalent circuits are us- 
ed to compute the steady state performance. Because of pulse 
width modulation, the input current harmonic spectrum has 


shifted from lower order to higher order. This has m benefic- 
ial efieot on the size of input filters for the inverter. 
Olosed loop scheme for speed control of the sj^ntem, for a 


limited sub- synchronous range is 
is also presented, A new scheme 
ement factor of the inverter in. 
hxp eriuontal results confirming 
given for open-loop study. 


given. Controller ' design 
for controlling the displao- 
closed loop is suggested, 
the theoretical results are 


CHAPTER 1 


1.1 INTRODUCTION 

The speed control of induction motors has been of 
much interest in recent times because of several advantages 
associated with induction motors over dc motors. Where high 
performance is a must over a wide range of speed, inverter 
fed squirrel cage induction motors are preferred since the 
high cost of the inverter is compensated by the relatively 
low cost of squirrel cage initiation motor. Generally wound 
rotor induction motors are also emplojred in many industrial 
applications. All the methods of speed control of squirrel 
cage induction motors are also equally applicable to wound 
rotor induction motors. In addition, continuous speed cont- 
rol can be obtained by inserting a resistance or injecting 
a counter EMF in the rotor circuit. The former method of 
speed control is quite attractive if high starting torque is 
required but is highly inefficient while the latter method 
provides efficient moans of speed control. Auxiliary machin- 
es were used for generating slip-frequency EMP, since this 
Is required for controlling the speed of an induction motor 
[l], Such schemes were not economical and did not find much 
acceptance in the variable speed drives employing induction 
motors. With the availability of high power semiconductor 
switches, there has been a revival of interest in the speed 
control of wound rotor induction motors by the injection of 
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counter EMF at slip-frequency in the rotor circuit. The sp- 
eed control is achieved by efficiently utilizing the power 
crossing the air gap and entering the rotor circuit. This 
method of speed control is often referred to as ’slip power 
recovery scheme’ in the literature. It is also commonly kno- 
wn as 'Static Scherbius system’ since it is an analog of the 
well known Scherbius scheme of speed control [2], Pig. 1,1 
shows the basic block diagram of slip power recovery scheme, 
The slip frequency rotor EMFs,are rectified by a diode bri- 
dge and the dc power is returned to the ac supply system 
through a line commutated converter operated as an invertor, 
Since the power can flow from the rotor circuit to the supp- 
ly lino with the arrangement shown in Pig. 1.1, only sub- syn- 
chronous speeds are possible. If the diode bridge is replac- 
ed by a lino commutated converter, it is possible to achieve 
power flow in either direction between the rotor circuit anc 
the supply source* Speed control in the super-synchronous 
speed range is thus obtained by supplying power to the rotoD: 
from the three phase ac supply system. 

The main limitations of slip power recovery sche- 
me are : - 

1. This scheme requires a large number of thyri- 
stors for speed control above and below the synchronous spec 
At near synchronous speed, no rotor EMFs are available and 
hence the commutation of thyristors may not be possible. An -i 
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auxiliary dc bus or some other means must be provided to en- 
sure proper commutation of the devices at synchronous speed. 

2. The resultant supply power factor is poor pa- 
rticularly at low speeds when the power output of the motor 
is low. Both fundamental and harmonic currents drawn by the 
converter contribute to reactive power. Because of the prese- 
nce of leakage inductances of the stator and the rotor windi- 
ngs, commutation overlap takes place in the diode bridge and 
some reactive power is drawn from the source. 

3. The device ratings are considerably reduced if 

the speed control range is limited. If the power crossing the 

air gap is . and the slip is to be controlled from say so- 
ag 

ro to s, then the converters are designed to handle s P a g. 

Thus, as the speed control range decreases, the converter 
rating also decreases. This drive is quite attractive for 
large fans and pumps where the speed control range is small. 

Many papers appeared in the literature on different 
aspects of slip power recovery scheme. Tho gists of those papers, 
are briefly reported. And finally the scope of tho present work 
is mentioned. 

Erlicki [3] investigated static Schorbius method 
of spood control on a laboratory sised induction motor and su- 
ggested, the suitability of such a drive for industrial appli- , 

i 

cations requiring variable speed of operation. In ordor to ob- ; 
tain super-synchronous speeds, three single phase parallel in- j 
vert or s wore used in tho rotor circuit. 
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lavi and Polge [4] reported a method of analysis 
for determining the steady state performance of a wound rotor 
induction motor with a diode bridge and a line commutated co- 
nverter in the rotor circuit. The theoretical performance 
characteristics are corroborated experimentally. It was poin- 
ted out that this drive system had the characteristics of a 
seperately excited dc motor. The transient performance was 
also discussed qualitatively. 

Shephercd and Stanway [5] investigated the slip 
power recovery scheme employing auxiliary stator windings for 
the improvement of power factor and current waveform, but the 
efficiency was found to be much less two stator windings are 
required for implementing this drive system. 

Shepherd and Khalil [6] studied the improvement 
of power factor by using external capacitances. It was rep- 
orted that the drive system provided high torque and torque/ 
supply current ratio, bettor speed regulation, greater effi- 
ciency, good power factor at low speeds in comparison with 
the uncompensated slip energy recovery scheme. However, the 
performance deteriorated specially at low slips or high speeds. 

Miljanic [7] studied the rotor slip power recovery 
scheme using a through pass inverter instead of a lino commu- 
tated inverter specially for improving the power factor of the 
drive system. The forced commutated converter omployod a sing- 
le pulse per phase in each half-cycle. 
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Drury et al. [8] and Rao et al. [9] studied sub- 
synchronous slip power recovery schemes employing fully co- 
ntrolled converters with half controlled characteri sties. 

Some improvement in supply power factor was reported* The 
former investigated the scheme with a three-phase converter 
while the latter used a single phase converter* DC and AC 
equivalent circuits were used for the determination of the 
performance [9]. 

Guy Oliver et al:* [10] investigated the drive pe- 
rformance characteristics of a slip power recovery scheme wi- 
th three types of line commutated converters and presented 
# 

a comparative study. The improvement of the performance char- 
acteristics by employing a converter having eight thyristors 
instead of a conventional 6- thyristor bridge was pointed out. 

Smith [11] presented a complete drive system capa- 
ble of providing driving and braking characteristics below 
and above synchronous speed. A current source inverter was 
used in the place of a diode bridge. Conceptually, the trea- 
tment was indeed exhaustive. 

In this thesis, slip energy recovery scheme using 
a diode bridge and a forced commutated converter in the rotor 
circuit is studied. Speed control in the sub-synchronous speed 
range is considered. A starting thyristor is employ ed to start 
the drive. Fo special control and commutation circuitry are 
required to turn on and commutate the starting thyristor. The 
logic has been built into the main control circuit for the in- 
verter. 
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A PWM converter is used to improve the supply po- 
wer factor. The inverter is operated in such a way that the 
active power and the reactive power corresp ending to the fun- 
damental component is returned to the supply source. Since 
multipulse width modulation is employed within the inverter, 
a number of lower order harmonics arc eliminated from the 
input current of the inverter. Thus the harmonic reactive 
power is reduced. The overall power factor of the complete 
drive system is greatly improved. DC and AC equivalent cir- 
cuits are used to determine e the performance characteristics 
[4]. The performance characteristics such as speed torque, 
power factor-speed, dc link current-speed, inverter EMF vs. 
speed etc. are determined theoretically and verified expor- 
imentatly. There is a good agreement between experimental 
and theoretical results. Oscillograms of typical waveforms 
from the experimental set-up are also given. 

1.2 THESIS OUT LI HE 

In this thesis, the slip power recovery scheme with 
a diode bridge and a PWM converter in tho rotor circuit is 
studied. The supply power factor variation as a function of 
speed is determined theoretically and verified experimentally 
also. Apart from the study of open loop performance, the clo- 
sed poop operation of speed is investigated. The chapter wise 
contents of the thesis are : 
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In chapter 2, the speed and power factor control 
and the starting of the induction motor drive employing the 
forced commutated inverter are discussed. The generator of 
trigger pulses for the PWM strategy in the inverter is exp- 
lained. The operation of tho inverter, commutation of the 
starting thyristor are clearly explained. 

In chapter 3, the open loop analysis of the drive 
system using both the dc as well as the ac equivalent circuit 
approch is presented. Performance characteristics such as 
torque-speed, power factor versus speed, inverter current har- 
monic spectrum etc. are determined theoretically and verified 
experimentally. Oscillograms of typical waveforms obtained 
from tho experimental set-up are illustrated to verify the 
basic principles of operation. 

In chapter 4, the closed loop operation of the 
drive system is discussed in detail. Design of controllers 
for the current as well as tho speed control loop are presen- 
ted. A new method for controlling the power factor in closed 
loop conditions is also presented. Lastly some closed loop 
performance characteristics are also given. 

Chapter 5 gives the conclusions along with sugges- 
tions for further research in this area of investigation. 

The schematic diagrams of the papers discussed in 
Sec. 1.1 are shown in Pig. 1.2. 






(«) Diode bridge and single phase FCC with half 
controlled characteristics 



(f ) Diode bridge and eight thyristor bridge 



(g) CSI and three-phcse FCC 
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CHAPTER 2 

A NEW SLIP POWER RECOVERY SCHEME 

2.1 BLOCK DIAGRAM OP THE SCHEME 

The block diagram of the slip power recovery scheme 
in which the speed of a three phase slip ring induction motor 
is to be controlled is shown in Pig. 2.1. Mechanically coupled 
to the induction motor is a dc motor acting as a generator for 
loading purposes. The three phase diode bridge is connected to 
the rotor terminals of the induction motor to convert the slip 
power at the slip frequency to dc power. The diodes are line 
commutated by the rotor voltages. A smoothing reactor is conn- 
ected to reduco the ripple in the dc link current. A three ph- 
ase converter employing equal pulse width modulation (EPWM) is 
used to convert dc power to ac power at the line frequency. 
The speed of the .drive is varied from standsti.il to near syn- 
chronous speed by varying the modulation index of the inverter 
from unity to zero if the stator to rotor turns ratio is unity. 
The average rectified rotor voltage, V^, at some slip s is 
given by, 

V D = s. ^ . e 2 = 2.34 sE 2 (2.1) 

where E 2 is the rotor rms voltage/phase at standstill. 

The average inverter counter emf across the PWM in- 
verter can be written as > 

P 

V D0 = 5 2 f 

K=1 


( 2 * 2 ) 
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where f(m,K) is a function of the modulation index m and the 
number K, P is the number of pulses /phase/half-cycle and n 
is the turns ratio of the transformer interposed between the 
inverter and the ac supply. 

On no load, the rectified rotor current is almost 
zero, then these two voltages must balance i.e. 

2.34sE 2 = J H, f (m,K) 

K=1 

P 

or s = 0.38 f (m,K) (2.3) 

2 * K=1 

V 

But = a = stator to rotor turns ratio 
s 2 

* P 

Therefore, s = 0.38 ~ f ( m » K ) (2.4) 

K=1 

Most of the commercially available induction mot- 
ors have stator/rotor turns ratios more than 1. The second 
factor in eqn.(2.4) can vary from zero to unity. In order to 
vary the slip in proportion to this factor, 0.38a/n must be 
kept at unity. In otherwards, a transformer Is interposed 
between the supply and the inverter and the turns ratio n. Is 
selected as 0.38a. Thus the slip is controlled from unity to 
near zero values. Moreover, the devices having lower breakover 
voltage ratings can be used by using a step down transformer. 

The basic principle of this new scheme is described 
by the phasor diagram in Pig. 2. 2. The slip power recovery 
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scheme employing phase controlled thyristor inverter provide 
poor overall supply power factor [4, 5,6,9]* because of the 
phase delay control technique within the inverter, reactive 
power is drawn from the supply source "by the fundamental 
and harmonic currents although the active power is returned 
to the supply source. By replacing the line commutated in- 
verter by forced commutated type of inverter, the power fac- 
tor is improved to some extent by maintaining the displace- 
ment angle (phase difference between the inverter input vol- 
tage and current) at 180° [ 7 ]. The supply power factor can be 
significantly improved by incorporating the following featu- 
res in the forced commutated inverter. 

1. If we place the fundamental component of the 
invertor current in the third quadrant with reference to the 
supply voltage, tho active and reactive powers corresponding 
to tho fundamental arc returned to tho source'. Some of the 
reactive power drawn by tho induction motor is supplied by 
the inverter. The overall reactive power requirement of tho 
drive system is thus reduced. Tho phasor diagram illustrating 
stator current, inverter current and resultant supply current 
is given in Big. 2. 2. 

2. By operating the forced commutated inverter 
with multipulse control, the predominant lower order harmo- 
nics can be either eliminated or reduced. The harmonic reac- 
tive power requirement of the inverter is considerably reduced. 
The actual control technique adopted for the inverter is des- 
cribed in section 2.4. 
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The inverter circuit configuration which mahes the 
above features possible is described in the latter portion of 
this chapter. The static Scherbius scheme of speed control is 
cost competitive in comparison with a converter-fed dc drive 
specially when the sub-synchronous speed control is required 
over a limited range. However a starting mechanism is requi- 
red before tho speed is controlled in the desired range. This 
is achieved by a starting thyristor in series with a starting 
resistance as shown by the dotted lines in Fig. 2.1, It provi- 
des fast start-up of the drive and the device ratings are co- 
nsiderably reduced. Mo forced commutation circuitry is requi- 
red for the starting thyristor since line commutation is emp- 
loyed. After tho drive has acquired enough speed, the starting 
thyristor is first commutated and the forced commutated conve- 
rter is operated in the inverting mode* 

2.2 FORCED COMMUTATED IITERTER 

The circuit conf iguration of the forced commutated 
inverter is shown in Fig. 2.3« Since pulse width modulation is 
used, hereafter the inverter is referred as PWM inverter in 
the text, T-j-Tg are burned off by forced commutation. Thyris- 
tors T^,T^ an< ^ ^5 are ’’ ;u:rne ^ on an( ^ each four times in 
each half cyclo of the respective phase voltage while thyris- 
tors T 2 ,T 4 an<i T 6 are ’ fc ’ urned 0EL and once in each cycle of 
the respective phase voltage. Tho trigger pulse layout showing 
the on intervals of tho thyristors T^ to Tg is given in Fig, 2.4. 
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Circuit configuration of the BF^T inverter 



Capacitors C^-Cg are used to commutate the thyristors T-j-Tg 
respectively# Diodes a?*e used to prevent the capacit— 

ors from discharging into the load. DL^,!-^, .... DLg,Lg form 
the local discharging loops which provide quick reversal of 
capacitor voltages. 

In a current source inverter, the commutation ca- 
pacitors discharge only through the load. Due to almost con- 
stant current fed to the inverter, the capacitors also disch- 
arge at a constant rate. The capacitor takes more time to 
recharge in the opposite direction as the capacitance is in- 
creased. Thus there is a possibility of commutation overlap 
which also affects the performance of the inverter due to 
undesirable modes of operation. Hence to overcome this defect, 
a local discharging loop consisting of a diode in series with 
an inductance .is connected across each thyristor to quicken 
the commutation process thereby improving the Inverter perf- 
ormance [12] . 

2.2.1 STARTING- PROCESS 

The gate pulses for a particular output voltage of 
tho inverter are shown in Pig. 2. 4, while the pulse for the 
starting thyristor T is shown in Pig. 2. 9. Prom Pig. 2.4, it 

o 

can bo seen that at the 180° crossing point of each of the 
phase voltage, tho pulse layout of the inverter is such that 
the counter EMF is negative. But at the instant when next 
pulse appears, the counter EMP becomes positive which is of 
right polarity to commutate the starting thyristor. This does 
not affect the performance of the system because the average 
back emf across the inverter still remains negative. 




Pulse layout of the PT7M inverter 
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2.2.2 SPEED. AMD POWER PACT OR CONTROL 

The modulation index in this scheme is defined as 
the ratio of the on time to one period (1.83 msec). The av- 
erage counter EMF across the inverter can he varied by cha- 
nging the modulation index i.e. by varying the on time of 
the trigger pulses. The speed is thus varied by varying the 
modulation index. The gate -pulses for the thyristors T ^,1^ 
and Tg can be placed anywhere lagging between 180° to 270° 
points in their respective phase to neutral voltages. The 
dcsplacement angle of the inverter cun bo controlled from 
0°to 90° lagging. 

2.3 OPERATION OP THE PWM INVERTER 

The operation of the inverter is explained with 
the help of the pulse layout shown in Pig. 2.4. The sequence 
of events start with the triggering of the starting thyris- 
tor. The drive starts and after an interval of about 0.1 sec. , 
the trigger pulses to the inverter are activated. The whole 
operation hefore the inverter completely takes over after 
commutating the starting thyristor can be broadly classified 
into four intervals in the order in which they occur are 
explained below : 

Power interval : In this interval, one thyristor in the top 
group of thyristors (T^,T^ and Tj.) and ono thyristor in the 
bottom group of thyristors (T^,Tg and T^) conduct such that 
the counter EMP of the invertor is negative. Obviously, two 



thyristors in the same leg will not conduct. During this in- 
terval, apart of the rotor power is being returned to the 
three phase ac supply system. 

Interval for commutation of the starting thyristor : During 
this interval, the pulses to different thyristors in the in- 
verter are such that its counter emf becomes positive. The 
starting thyristor is reverse biased and is thus commutated. 
Freewheeling interval s During this interval, two thyristors 
in the same leg of the inverter conduct during which period 
the counter EMF of the inverter becomes zero. 

Commutation interval of bottom group thyristors % In this 
interval, the thyristor conducting in the bottom group is 
commutated by turning on another thyristor in the same group. 
During this period, apart of the rotor power is returned to 
the three phase ac supply system. This is therefore a power 
interval. 

In what follows, all those Intervals are explained 
with reference to one particular set of thyristors. Depending 
upon the switching instant of the invertor in the ac supply 
cycle, the starting thyristor and the inverter may conduct 
simultaneously before the above intervals take place while 
commutating the starting thyristor. 

From Fig. 2.4, it can be seen that the thyristors 
T^ and T^ are triggered at the 180° point of the phase voltage 
This makes the inverter back omf nogative. Current flows 
through the path T^-D^-V^ a -D4~T^ and feeds ac power to the 
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supply* The equivalent circuit of the inverter in power in- 
terval along with the capacitor voltage polarities is shown 
in Fig. 2. 5. The flow of current is shown by the arrows in the 
figure. At the next instant of trigger pulse layout, thyris- 
tor T^ is triggered, the power interval ends. 

As the thyristor T^ is turned on, the interval 
for commutation of starting thyristor starts. The full vol- 
tage across 0^ will be applied across the thyristor T^,thus 
reverse biasing it and turning it off. The capacitor 0^ will 
start discharging along two paths [12], One path is T^-C^- 
D3-7^ a -D4-T^-dc supply-T^. This is the discharging path th- 
rough the supply. The other path will be the local dischar- 
ging loop comprising of T^-C^-Dl^-l^-T^. Diode D3 still con- 
ducts and when the voltage across the capacitor 0^ becomes 
equal to the line voltage D5 will start conducting. 

Because of the presence of sufficient induct.' ->ce at the line, 
D3 will continue to conduct but current through it will gra- 
dually decrease and ultimately D3 will stop conducting. It 
can be seen from Fig. 2.4, that due to the conduction of T^ 
and T^, the back emf across the inverter becomes positive. 

This helps in the commutation of the starting thyristor T 

and thus the inverter takes over from T , Due to the local 

s 

discharging loop, the charging of the capacitor 0^ in the opp- 
osite direction becomes independent of the load current. The 
equivalent circuit of the interval for commutation of the 




24 


starting thyristor alongwith the capacitor voltage polarities 
are shown in Pig. 2.6. At the next instant of the pulse layout* 
again T^ is turned on and power interval repeats. At the next 
instant, T^ is again turned on and thus free wheeling interval 
starts. 

When T^ is turned on, the invertor back emf goes 
to zero. The free wheeling current path is given by T.J-D1-D4- 
T^-T-^. Change over of current from D3 to D1 is not instantan- 
eous due to sufficient line inductance. The equivalent circuit 
of the inverter in the freo wheeling mode is shown in Fig. 2. 7. 
After this instant, power interval and free wheeling interval 
repeats alternatively At the 180° instant of the phase voltage 
thyristor Tg is triggered. T his marks the beginning of 
the interval for change over of thyristors in the bottom half 
of the invertor. 

When Tg triggers, the full voltage across the capa- 
citor C^. comes across the thyristor T^ and turns it off. The 
capacitor starts discharging in two directions [12] . One 
is through the supply consisting of the path T 5-F5-"7 ca -D4-C^- 
Tg-dc supply- T,-. Other path is through the local discharging 
loop of Tg-Dl^-l^-C^-Tg. The transfer of current from D4 to D6 

I 

is not instantaneous and when voltage across C^= 7^, then 
D6 starts conducting and D4 turns off. The equivalent citcuit 
at this interval is shown in Fig. 2.8. 








Equivalent circuit for the interval for the 
change of bottom group thyristors 
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2.4 CONTROL CIRCUIT 

2.4.1 FIRING- CIRCUIT FOR TIE STARTING THY I ST OR 

The firing circuit for thyristor T is shown in Fig. 

- - o 

2.9. The requirement of starting the induction motor to a sp- 
eed in the control range of the drive system is explained in 
section 2.2.1. This is important particularly when the speed 
control is In the sub synchronous speed range. The device ra- 
tings are reduced and the whole system may be cost competiti- 
ve. No additional circuitry is needed to turn off the starting 
thyristor. The supply voltages are utilized for commutating 
the starting thyristor. 

An RC charging circuit is connected between the su- 
pply (+5F) and the ground. The waveforms of voltages at diff- 
erent points are also illustrated. The waveform at point A 
is fed to a echmitt trigger NOT gate to get a very sharp fal- 
ling edge as shown at point B. The output at R is given to the 
monostablc 1 the timing of which is adjusted to 5ms. The out- 
put of the monostable 1 is used as a trigger pulse for the 
starting thyristor and its width is adjusted to 5ms. to ensure 
reliable turn-on. The trigger pulse waveform is shown at C. 

The output of the schnitt trigger NOT gate B is given to the 
monostable 2 to provide a delay between the turn on instants 
of the starting thyristor and the inverter. The total delay of 
the two monostable stages is kept equal to 0.1 sec. and this is 
found quite satisfactory. This output is shown in D. The outputs 



To the starting thyristor 
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at B and D are given to a NOR gate, the output of which will 
act as a strobe for the pulse j of the thyristors T£,T^ 

This circuit ensures that the starting thyristor is tri- 
ggered during the initial period of starting. After the inv- 
erter is turned on, this circuit becomes inactive n No trigg- 
er pulses appear between gate-cathode terminals of the star- 
ting thyristor. 

2.4.2 CONTROL CIRCUIT BOR THYRISTORS T 1 ,T^ AND T^ 

In this firing scheme, the number of firing pulses 

for T, ,T„ and T c are chosen as four /phase/half cycle. The 
13 3 

main reason is that in the inverter phase current, the lowest 
order harmonic present is 7th and all the other' predominant 
harmonics are eliminated. This is theoretically determined 
and explained in chapter 3* The waveforms at different poi- 
nts of Big* 2. 10 are illustrated in Fig. 2.11. A synchronising 
signal A obtained from phase ; is transformc:" into a square- 
wave B by a zero crossing detector (ZCD). This 50Hz. signal 
is used as a reference for the phase locked loop(PLL). The 
PLL output is fed to a divide by 12 counter which is reset 
at both the positive and negative edges of the ZCD, B by a 
monostable. This synchronises the signal output of the counter 
to the line frequency. The output of the PLL is passed thro- 
ugh a negative zero crossing detector to obtain a + 10V swing, 
C which is integrated and level shifted to obtain a triangular 
wave D. The triangular wave is compared with a dc signal X Q . 
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The output of the comparator, E is a train of pulses which 
are to be distributed among T-^.T^ and T,- through the logic 
circuitry. Finally the pulses are passed through isolation 
and amplifier stages before they are applied to the gates of 
thyristors, T-^,1^ and T,~. 

2.4.3 CONTROL CIRCUIT FOR THYRISTORS T^ ,Tg AND T g 

The thyristors T^,Tg and T^ sre triggered by long 
pulses of 120° width. The general block diagram of the cont- 
rol circuit and the corresponding. waveforms are shown in Figs. 
2.12 and 2.13 respectively. The synchronising signal for the 
comparator stage is taken from the phase a. It is compared 
with a variable control voltage Vq. A monostable is triggered 
at the negative edge of the comparator output, 0 * A JR flip- 
flop used in the toggle mode divides the lino frequency of 
the comparator output by two giving tho waveform, D. The out- 
put of the JE flip-flop is given as one of tho inputs to tho 
phase comparators of tho PLL. The PLL together with a divide 
by 12 counter achieves frequency multiplication. The VCO out- 
put of the PLL, E is 6 times the supply frequency. A pqlse 
identified as the first pulse out of the six pulses has its 
positive edge coincident with tho monostable output. Henco 
if the monostablo output is given as the serial input to a 
8 bit shift register and the VCO output of the PLL as its 
clock pulse, tho first output of the shift register, F will 
shift with the variation of the control voltage. In this way, 




2.12 General 11001: diagram of the control circuit 

for the thyristors T ? ,T/ and ~6 








Wave forms at different stages for the firinv 
circuit in Pig. 2.12 b 







56 


the power factor of the inverter is controlled. Since phases 
h and c are shifted by 120° wi ch respect to J( •'e phase a, so 
the third, g and fifth, H output of the shift register is 
taken as the triggering pulses for the thyristors in phases 
b and c respectively. They will also shift with the variation 
of the control voltage as in the case of first output of the 
shift register. The width of each pulse is 120° and this is 
achieved by making the width of the monostable output, C wi- 
der than ono clock period* The outputs of the shift registers 
are AEDed with high frequency carrier and it is also AECDed 
with the strobe which is coming from tho output stage of the 
control circuit for the starting thyristor, to ensure that 
the motor does not start through the invertor. The pulses arc 
placed through isolation and amplifier stages and then appli- 
ed to the gates of thyristors T^,Tg and T £* 



CHAPTER 3 


STEADY STATE PERFORMANCE CHARACTERISTICS OP SLIP POWER RECOVERY 
SCHEME EMPLOYING PWM CONVERTER IN THE ROTOR CIRCUIT 

3.1 INTRODUCTION 

Por slip ring induction motor with slip power recovery 
method of speed control, exact analysis is tedious, involving 
phasor calculations for motor fundamental and harmonic quanti- 
ties and step by step analysis of the rectifier and inverter 
circuits. 

The main problem in modelling and analysis of the drive 
system is that the phase of the voltage at the rotor terminals 
or the input to the diode bridge rectifier is not known. This 
problem is avoided by transferring the ac portion of the sys- 
tem to the dc side and accordingly dc equivalent circuit [7] 
can be developed. Using this model, we can study the torque- 
speed characteristics. In order to study the performance ch- 
aracteristics in the ac side, an ac equivalent circuit would 
be useful. In this method, the effect of the inverter is to 
generate a counter EMF opposing the rectified rotor EMP speci- 
ally in the subsynchronous speed range. In fact, lavi and Polge 
[4] have modelled and analysed the slip power recovery scheme 
using this concept. The same approach is followed for determi- 
ning the supply performance. 
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3.2 DC EQUIVALENT CIRCUIT 


Representing the induction motor by its approximate eq- 
uivalent circuit and assuming that the no load current of the 
induction motor to be small in comparison with the primary cu- 
rrent, the system can be represented by Fig.3.1(a~) and is red- 
uced to Fig. 3.1(b) by transferring the stator impedance to the 
rotor side. 

To transfer all the parameters to the dc side, the ac 
side resistance can be transferred to the dc side by power 
balancing. Assuming dc link current to be perfectly constant, 
the rotor current consists of alternate square pulses of 2n/3 
radians duration as shown in Fig. 3. 2(a). Fourier analysis of 
the rotor current gives, 


- Vf Ip 
I 21 = % I 2 


(3.1) 

(3.2) 


Hence, 3 R ac - Ip . R dc , where R ac is the total 
resistance referred to the rotor and R dc is the ac side res- 
istance when reflected to the dc side. 

t 

Due to the presence of the leakage reactances sX-^ and 
sX 0 , the commutation of current between the diodes in the re- 
ctificr bridge is not instantaneous. There is an overlap per- 
iod during which two phases conduct simultaneously. This causes 
a reduction in the output voltage by an amount given by . 

3s ( X^ + X 2 ). I^/it [13] and the average output voltage of the 
diode bridge can be easily shown to be, V^ = sV/a. 




3JL(b) . Representation of drive system by transferrin.: 
the stator impedances to the rotor side 
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If tlie magnetising current is neglected, the system 
can be represented by the dc equivalent circuit as shown in 
Pig* 3.2(b). Filter inductance Lp is not included because Ijj 
is assumed to be perfectly constant and the circuit is cons- 
idered to be in steady state only. 

The output voltage of the inverter depends upon the 
pulse layout to the gate of thyristors to Tg. For a given 
modulation index, the output voltage waveform mainly depends 
xpon tho phase shift provided to the bottom group thyristors, 
D 4 ,T 6 and T 2 » It was explained in Sec. 2.2.2 that the trigger 
rnlses to thyristors T^jTg and are controlled from 180°to 
270° of the respective phase voltages. An examination of the 
>utput voltage waveform indicates that there are three disti- 
ict ranges as the phase shift is varied from 0° to 90°. These 
ire i 0° to 30°, 30° to 60° and 60° to 90°. Typical waveforms 
if the output voltage of the inverter for a particular modul- 
.tion index and a particular, phase shift in each range are 
.llustrated in Fig. 3.3 to 3.5. Since tho waveforms repeat 
.fter every 360°, a full cycle must be taken into account 
hilo dcterming tho average output voltage. Tho expressions 
or tho output voltage in the three ranges are given in Appen- 
ix A. Equations (A.l), (A. 2) and (A. 3) are used to calculate 
he output voltage of the inverter. The variation of the aver- 
ge output voltage vs. speed for different values of the nodu?.- 

. . .a ex is sho.m : a Fig. 3. 6* 




Pulse layout and the inverter counter EJ>IF 
for the phase shift angle 0—30 degrees 
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Thus from the dc equivalent circuit of Fig, 3.2(h), we get 

T D - n S (X 1 + X 2>- I D - I D (2sE l + 2a 2 + %> - Y D0 = 0 

V D ~ V m 

or I D = -g ~— r ~ 7^ — r ~ — — — - .... (3.3) 

(3^ + X 2 ) + (281^ + 211^ + Rp) 

Let 2g ( X ; + x 2 ) = Z c 

V D ~ Y D0 , ' 

Therefore, I« = — r .... (3.4) 

X c + 28^ + 2R 2 + R p 

The variation of the link current with speed is shown in 
Fig, 3.7 using equation 3.4. The experimental values are also 
indicated in the same figure. 

To derive the torque-speed characteristics, it is 
resumed that the torque produced by the harmonics is negli- 
gibly small, lavi and Polgo [4] has confirmed the validity of 
this assumption experimentally and theoretically. 

From Fig, 3.2(b), rotor power = [V^-^s (Xp+Z^, 1^-28^. 

(4p+y_ 2 ) ,I_-2cr ^.Ip] .1^ 

Therefore, Torquo T = —— — — — - — * — : . ... (3.5) 

s,w g 

Thus for a given slip and the modulation index of 
the inverter, 1^ and T can bo calculated by using equations 
3*4 and 3.5, from which the speod-torque characteristics for 
different values of the modulation index can be determined. 
These are shown in Fig. 3.8. The experimental values are also 
marked on the theoretically computed curves. There is a good 
agreement between theoretical and experimental results. 
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3.3 AC EQUIVALENT CIRCUIT 


The concept of the ac equivalent circuit is described 
in [4,14]. Writing the power balance equations for the rotor 
circuit, an ac equivalent circuit can be developed for the 
prediction of the steady state performance. The power loss in 
the dc side of the rectifier bridge, when reflected to the ac 
side and considered for each phase, is — ^ — ♦ The expression 
relating power balance in each phase is,. 


E 2 1 21 c0S ^21 ~ 3 


% #I D . t-2 


+ 1% . R 0 + P . 
2 .2 mech 


Vnn*- 1 ^ " 

+ — y — .... (3.6) 


Substituting 1^ = I 2 in equation 3.6, we get 


cos Q 01 = zl (R 0 + Jl) + p 


‘ 2*21 


R-n V i m *Ii 


+ 


DO D 


'21 ~ *2 '" L 2 ' 2 _/ 1 "mech r 3 


(3.7) 


Assuming that the mechanical torque developed by the fundame- 
ntal component of the rotor current, is given by, 


Rt 


'mech 


= [ I 21 (R 2 +f) + 


V DO tX D- 


(3.8) 


Substituting the value of P mec ^ from equation 3*8 into equati- 
on 3.6 and using the relation I 2 ^ = ^ I 2 , w e get 

Rt-. 2 R I 2 

S 2 I 21 cos© 2l = (~| + R 2 ).I^ 1 . (2^ - 1) + (^ + R 2 ). -|i + 

(3.9) 

(3.10) 

where Rg = (R 2 +^) (^ - 1) and R y = R 2 + Rp/2 


V. 


3V : 5 


DO 

s~ 


■21 


= Rtr.I 21 


X" 

r> 


2 

H v #I 21 . % “DO 

s + W * “ 


V T 


1 21* * * 
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Considering the l.H.S. of equation 3.10, the first term re- 
presents the loss due to harmonics in the process of rectifi- 
cation, the second term gives the copper loss in the rotor 
and filter resistances and the third term accounts for the 
power returned to the ac supply source. 

Equation 3*10 can be translated into an equivalent 
circuit as shown in Pig. 3. 9 referring all the quantities to 
the stator side. The phasor diagram for the corresponding 
circuit is shown in Pig. 3.10. Both active and reactive pow- 
ers corresponding to the fundamental component of the inver- 
ter current are returned to the supply source through the PNM 
inverter. In the ac equivalent circuit of Pig. 3*9, ’the rotor 
fundamental current flowing through the inverter counter emf 
accounts for the active power being returned to the source, 
while the block connected to the supply terminals draws the 
reactive component of the inverter current. Since this comp- 
onent 1 ■'dsthe supply voltage by 90°, the net effect is to 
return the reqctive power to the supply. This scheme of speed 
control in comparison with the reported schemes [4,5,6,9,10], 
provides significant improvement in the overall power factor. 
This is also confirmed experimentally as explained in section 
3*3.2. 

5.3.1 CALCU LAT ION OP THE PUNBAMENTAL COMPONENT OP THE 

INVERTER CURRENT 

The supply voltages to the inverter and the current 
in phase a are shown in Pig. 3*11* Ihe current on the dc side 
of the inverter is assumed to be constant. 
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This assumption is justified if there is a large inductior in 
tie dc link. The ripple in the dc current can be neglected. 

The magnitude of the current in the link can he calculated us- 
ing the equation 3.4, derived in section 3.2. Because of pulse 
width modulation, the output current in a given phase consists 
of a series of pulses. The phase current can be +1^,0 or — 1^ 
as illustrated for phase a in Pig. 3.11 for a particular modu- 
lation index and phase shift. Sven harmonics are absent since 
the phase current possesses half-wave symmetry. The Pourier 
analysis of the current waveform along with the Pourier co- 
efficients are given in Appendix B. The relative magnitude of 
the harmonics, taking the fundamental as 1 pu are plotted in 
Pig. 3.12 as a function of the modulation index. The triplen 
harmonics are absent since the phases are displaced 120° apart. 

3.3.2 DETERMINATION OF THE OVERALL POWER FACTOR OP THE DRIVE 

The supply current to the stator is assumed to be 
sinusoidal. The experimental observations also reveal that 
currents are almost sinusoidal. If 0 m is the phase difference 
between stator current and corresponding stator phase voltage, 
the active and reactive power supplied to the motor are 
3V I cos-'' and 3V„I sin0 m respectively. Let 0. be the phase 
difference between the phase to neutral voltage and the funda- 
mental component of the inverter phase current I^f. Then the 
total active and reactive powers returned by the inverter to the 
supply terminals are given by 5^.1^. <3030^ and 3^.1^ .si^.^ 


respectively 




The net active power drawn from the source is 

P = 3Ve COB 4a - ■^a* I if * cos ^i •••• (3.11) 

Similarly the net reactive power supplied from the source is 
Q = 5V a I s sin ^n *" 3V a .I if .sin0 i (3.12) 


The harmonic reactive power must be supplied by the 
source. The expression for the harmonics reactive power is 

a 


H - 3V 


'f'W 111 1 1 XX 

11=7,11, 13,... 


(3.13) 


The apparent power is given by, VA = yp 2 +Q 2 +H 2 (3.14) 

Therefore the overall power factor of the drive at the source 


given by H? - 


apparent power VA 


(3.15) 


The variation of the PP with speed for different values of the 
modulation index is given in Fig. 3.13* The significant impro- 
vement in overall power factor can be clearly seen from Pig. 
3.13. It increases slightly with an increase in speed for a 
particular modulation index. For a given speed, the power 
factor increases with an increase in the modulation index. The 
power factor is reasonably high at low speeds and low values 
of the modulation index. The new control strategy reported here 
has made it possible to achieve significant improvement in 
power factor. The slip power recovery schemes [4,5,6,9,10] rep~ 
orted so far have not achieved such an improvement in power 


factor 



Overall pf 




I hcoreticat 
Expf rtm*ntn? 
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Power factor vs. speed for different values 
of modulation index 
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CHAPTER 4 


CLOCHE LOOP 00 TOOL OP TOE Kif CLIP PO'DR RECOVERY SGELH'6; 


4.1 


OVT.'Al.L LJCCQIITIOP OP A1J CLOGLL LOOP BC 


la many irdu niriaJ. o-p^lico/bions , very ao r uraie speed 
centre 3. n:c the induction motor is required jbich is not pose— 
i.T)lo in. o pen loon conditions. for this, closed Lor p speed 
or 1 :' urn 3. "nipt >e iiv : or p o rn i; cd . In the non slip power recovery 
scheme no d escribed in Oliaptoi' 2 , closed loop speed control- 
scheme in inon^oiv.tod with three loops as shown in Lip. 4.1. 

It consists of an outer speed control loop with an inner cu- 
rrent control lo"') incorporated to limit the value of the 
maxi-iura current during chan. ,e in speed. The third loop is for 
correction of par or factor while change in speed occurs, file 
outer speed loop consists of a proportional plus ini egral co- 
ntroller, a speed Unit or and a speed feedback filter. The 
proportional plus iniopral controller is used in the speed 
loop so that tho steady state speed error becomes r.oro. The 

speed limiter restricts the value of the reference sipnnl for 
* 

the inner current co vtrol loop as o. ro-soJ-t of ■'■diich airroiu in 
d.c. lo. is oon.trol3.od to remain within safe limits. The speed 
food hack i- obtained from a. DC taohoponoraior and to reduce the 
ripple '■•or. tent in tbo output of the tachoponerator , the speed 
feedback filter is used. 
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I'he inner current control loop consists of a pro- 
porxionaro current controller and a bidirectional current li- 
miter if- incorporated, The current limiter is incorporated 
fix cor the cur .cent controller to limit the innut tc the firing 
circuit vnich in. turn trill limit the modulation index;. Since 
the module. oj.cn ino.es: nhould ho varied from piero to one r so the 
liiiii n;r in crjoivned c.s hi. directional,. i.e* the output nil va— 
X\ r ie otr eon + 10V • In opto— isolator ha. a ed current sen, ain't tec— 
jin.l i mo io employed po sense the d»c. current in the link for 
cho inf orjirauiou o.hotuo *ohe actual current* The c'eta5.3_c ah cut 


j.i. 

0a, 


ho poT-er factor loop in gi-'en i ;i Soc.4.8. 


4.2 


Ai'Hb Av.'IOAl liOm D'GLt IIL"; 0 S.3D JV.10P 


The exact nod el of the 3~pho.no induction motor is 
very complicated [20,21]. hiljanio [7] obtained a model invo- 
lving average quantities op rriting the vo3.te.ge balance equa- 
tions in the rotor circuit and using the rell lenown result 
that the torque in an induction rioter is equal to the electr- 
ical poc-er input to the rotor divided by the clip. Applying 
Air cho If 1 n lo/.-r to the DC equivalent circuit, given in Chapter- 


3. 

a’J 


\ (:^+;r. 2 ). x^- (2h 1 s+ 2f 0 + ii„+ j ^), i 1 r ^ 
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Rewriting equation (4.1), we get 

“ E - | & (I l +Z 2 ) + ^1 j ■ sI D ~ (2R 2 + V V* I D ~ 7 D0 ~ 


AT -A V - V -as = 0 (4.2) 

let R 1 = (X^+Z 2 ) + 2R-L (4.3) 

R*_ = 2 R 2 + Rp + R s (4.4) 


• dl-n 

we get, sE - R r sI D - E[.I D - V D0 -A^-AV’ - Lp. 

(4.5) 


Assuming that the torque produced due to the harmo— 
nics is negligible [4], the torque is expressed as, 



The rotor power consists of the power returned to the lines, 
the power used for the magnetic energy build up in the reac- 
tor and the power dissipated as heat in the rotor rectifier- 
inverter circuitry. Thus, 


I - si- [ V V 0 - Z I> + W + *i-4 + ( ^ 7+ 4T > H 3 

s 


(4.7) 


Let o. 


(V^+^7 +£V*) 
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Substituting the value of equation (4.12) in (4.11), we get 


1 

^max ” w ~ * ^qfi£- (4.13) 

Now from equation (4.10), we get, 

n jt 

1 + 2 e* dT = 8 ~ sqi ~ s o (4.14) 


Now normalizing it, we get 

i + I J_ ( i/i ) _ s . ^cM T+ >' 

i T e * dt ^ 'max' ° ~ sq ^ 'max' ~ E 

IucUC 

...... (4.15) 

and similarly we get 

= 4 *- C4 - 16) 

3710.X Xn,£t3C * / 

r 

Now to derive a simple mathemotical model, the following 
assumptions are made, 

i) (4 . 17) 

ii) q(i/i mx )^Cl « " ' 

- 4 

so, wo get 

i + T A. (i/i ) = s + ^ (4.18) 

i^^ e dt v / max E 

and » 4q. (4.19) 

X nax max 

5Dhe torque equation is given by T = + Bw 

( 4 . 20 ) 
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Therefore, T 


sw u o 
s 


" dI Tl " ? 

[ s„.E.I d + Lp.Ij. + Rj_. I D ] 

' (4.8) 


Let i — -fiyH * ** Therefore, 1^ i» "gi* 


_ l r -ot.tt E di i.E t 2 1 
Therefore, T = [ s 0 .E.I D + Lp.Ijj* rT • <f£ + i D • i D J 


JL 

sw 


I-n.E rH 

[ .0 .B.Xjj + I*. -§r- . || + i.=.I D ] 

s ± 


Let T @ = hp/R Therefore, T 


E.I 


D r 0 , m di i' 

L s 0 + e* dt 


s.w 


(4.9) 


|s(I 1 +X 2 ) + 2 R l R ! 
I®* 4 - \ + R TT tg = 5[ 

Prom equation (4.5), we get 


di 


D 


sE - R r slj, - Bi.Xjj - (V B0 + ^ 7 +^V' ) - Ip- -at 


0 


di 


or s - sqi - i - s q - T Q . ~ 0 
Prom equations (4.9) and (4.10), we get 


Torque T = ““ . fr 1 t 1 " q:L ^ 
. s «*- 




( 4 . 10 ) 


( 4 . 11 ) 


Now from tho expression of torque m (4.11) » xn order 

the maximum value of i, x.q. i max » then differentia 

. 4 . dT _ .1. I. f l - 2qi ] = 0 

if WG « ct di “ w * R{ L 

1 - ...... ( 4 . 12 ) 

Therefore, i max . = "Zq 


find 
T w.r.t . 
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whore Tlie mechanical "time constant of "the machine 

B = Load constant. 

Equations (4.18) to (4.20) give an approximate mathemetical 
model of the system* Though the parameters are variable, they 
can be assumed to be constant around an operating point. If 
the load is assumed to be a pure inertial one, then B can be 
neglected. The block diagram of the plant can be drawn as sh- 
own in Pig. 4.2* 

4.3 TRANSDUCERS 

4.3.1 SPEED-TRANSDUCER 

A permanent magnet DC tachogenerator is coupled to 
the induction motor - DC generator set. Its constant is 100V/ 
1000 rpn and is used as the speed transducer. By using a pot- 
ential divider, the voltage is scaled down to 10Y at 1440 rpn. 
To reduce tho ripple content in the output of the tachogener- 
ator, a filter is used. 

4.3.2 CURRENT TRANSDUC ER 

A simple opto-isolator based current sensing techni- 
que is usod to sense tho current in the link which can give 
truly isolated current signal from tho power circuit. The g±t- 
cuit diagram of this technique is given in Fig.4.3. Current is 
sonsod with a small resistor (R g ) circuit. This 

current is filtorod using a low pass RC network. The filter 
time constant can bo adjusted by the variable resistor R. The 
filtorod signal is fed to an opto-isolator stage as shown in 




of ti 
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Fig. 4. 3- ^b.© opto— isolator stages comprises of a differential 
amplifier stage and two opto— isolators ( 4U45 ) « The current 
signal drives the base of the transistor Q 1 in the different- 
ial amplifier sot up. The collector current of which is 
proportional to the input voltage (at the base of Q^) is pas- 
sed through the inputs of the two opto-isolators A and B. The 
output of the opto-isolator B is fed back to the base of Q 2 * 
Dae to the high gain of the differential amplifier set up, 
the voltage at the baso of Q 2 always tracks the input volta- 
ge at tho baso of Q^. 

Assuming A and B to be identical, the output of A is 
directly proportional to the output of B which in turn is pr- 
oportional to the input current signal. A floating power sup- 
ply, which is isolated from tho power supply to A, is used for 
tho differential amplifier and opto-isolator B. Hence, a curr- 
ent signal which is completely isolated from the power circuit 
is obtained. 

0 t* A? XJul JoJau 

4.4.1 SPEED FEEDBACK FILTERS 

To reduce tho ripple content in the tachogenerator 
output voltage, a first order filter is introduced in the sp~ 
ood feedback path with cut off frequency of 16Hz. i.e. with a 
time constant equal to 62ms. The steady state speed feedback 
factor Ei is choson to be unity such that at 1440 rpm, tho 
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speed feedback signal is of 10V . 


thus, H* = ujf. 


w l+sx62xl0~‘ :> 

function of the speed feedback loop 


r where H.^ is the transfer 


4.5 DERIVATION OF THE TRANSFER FUNCTIONS OF VARIOUS 

ELEMENTS 

4.5.1 PNM INVERTER 

The modulation index of the PTJM inverter can be va- 
ried between 0 and 1, The working ac voltage of the inverter 
is kept at 40V and a modulation index of 0.5 is chosen as the 
operating point with the phase shift angle kept at 0°. For 
this operating point, the pulse width for the negative volta- 
ge to commutate the starting thyristor is 15° or 0.855ms. The 
inverter output voltage V^q at this operating point is given 
by equation (A.l) of Appendix A. Substituting the values in 
equation (A.l), we get the value of V^q as 43.34V, 

Differentiating the expression of V m as in equation 

^DO 

(A.l) w.r.t, the pulscwidth i.o. (2d), wo get = 1? 2 * 8 9 

after substituting all the values. 

So, on normalization, it gives 


iV* < aW E . _ 

2" (TctTOV = 6ir£mT7*. “ 

■ * 

Horo, 2it/3 is taken as the pulse 



% 172.89 s it ^ 

x 'zr&mr ztti&sz&xr r 0A6 

width for the unity modulation 



index 
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lh.e xirinj -units are designed su oh that the rnodu-. 
la uieia ino ex varies J-inearly froro 0 to 1 for a variation of 
the control voltage Iron -10V to + 107 (xrhich a-e the tur- 
extreme o^trollahlc voltages). 


'L'hum. Ahtl'hVj - i 


aw 


O' Ona:i ^ 

there is a ivrninl dolov in the thyristor response. It o an va- 
ry botro oi 0 and 1,66ns. ‘fakir.;, the average, the ti - ig const?: 
of the invertor is 0,33ns. 


fh or of ore , the inverter transfer fu.net ion ic ^iven b; r 


7 IX ) ( S ) 

/;caj w I+si 


A 


0.46 


vhere a -- ihc no realised aciAn of bh.o thyristor inverter 


-.0.» A 


"A" 


he equivalent time constant of the inverter irhioh 


i lolr.Acn the delays duo to thyristors and diodes* 


4.5.2 CUJV ; f (JO- ri.0T.UP 

*. proportions.! controller has been oho fieri car. the r-u- 
r o' "> t controller "’i^oo transfer function is E-^ , a pure tain. 


• . ;> f3P jhD 00 "'i'OI'.TJii 


■ PT oo --’ in] a or has seen oho nor as t?ie sreoc 1 centre- 
' r 2 ( l +3' J ? 2 ) 


I'.or f and its transfer fraction in of the fora 

/ 


rtnl 
kp / 
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4 » & 


UITITbhS 


file value of fie modulation indez is to be varied 
between 0 aucL 1. xhc transfer function of the control cir- 


cuit is given 1337 - m - 

v 0iaa: 


T c 


- . Here 7 = 107, 

Oman 


Omin 
■107 level. 


10Y and the value of Y, t is to be oaloulated from the 

w 


i3o , wo can vary the V within the range of +3.0 Y . the 
.limiter which is incorporated after the speed PI controller 
limits tbc cutout voltage between -10Y and +10Y linearly, "'he 
li it or eft or the current controller is designed out that tlie 
out 'Cb voltage level varies between -10Y to +10/, linearly wi- 
th the input voltage between 0 and +10"/. 'ihe 3-ira.it er circuits 
were designed with adjustable saturation levels. 


4.7 


DJSIG-f Of 00 IT; OH. ills 


4,7.1 OlifKh ' OOIfilOhl'CT:. 

If the system mechanic of. ti,ie constant is verj- large 
copnared to the response time of the eurrowc ooi u rol loop, bAe 
of ; . cot of the mood variable on the transient respone ox the 
m-troTi 0 "-vtr' 0 . lop on.-'. to noolootod i.o. tie -peed feodtooi: 

i5 , yic.4.2 <W. Ko opined. vbe bloolc diagram 

nf Jin control lo-.p iB oVim 1* Pic. 4. 4. ‘-?ho filter 

contort It ft o-rto-iooXotor taped current nmfllas la 
. ''.’ho ntec.dv etoto er-imt foodbaolc factor ^ In adjrsteft 


100ns 





in ouch a way "that the feedback signal level is comparable 
to that of the reference signal for the current loop. As the 
maximum value of the output voltage of the speed loop limiter 
is 107, then is adjusted such that when the rated current 
of 12.24A is flowing in the rotor circuit, the feedback sig- 
nal level is also 107. The filter time constant is choosen 
quite high in order to reduce the level of ripple. 

7. 

TlmS ’ = 12^4 = °- 816 


How H ± = 


7./7 
1' Cmax 

I '/f — 
u Dmax 


and 


I 


Dmax 


E 


2R2+B.S +Rp 



Therefore, neglecting li^, we get I = 28.93A 

7 I 

Therefore, H. = x = 0.816 x 28.93/10 = 2.4 

n v Cmax 


So the transfer function for the current filter is given by 

w - - 2.4 

% - i+gjy - £££££* ' 


The current loop gain G-Hj(S) is given by 

GHi(S) = f 1+ST a J “(i+ST^ )' (i+ST7T (4.21) 

For all practical purposes, w-e can neglect the filter time 
constant T i * So the block diagram for the current control lo- 
op can be modified using a unity feedback gain. The new block 
diagram is shown in Fig*4.5. 
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The loop gain of the modified current control 
loop is given by 


G-H-j- (S ) 


K i m i 

n+sr c ;rri+sT7i 


(4.22) 


&H t (S) 

The closed loop transfer function is given by x+GH^fs"! 
K 1 AH i 1 


rr+sT A jri+sT e ') 


E-, AH. 

1 l 


1+ 


E-jAEL 


( 1+ST A ) ( 1+ST e ) 


(l+ST A )(l+ST e )+K 1 iH i 


K l AH i 


1+S ( T a +T e ) +S^T a T e +K 1 AH f 


Fow in the above expression, T g is much larger than T A . Hence 

~ can be neglected compared to -i- . Similarly E^AEL is also 
e A 

larger than 1. 


Therefore, 


G-H-j-CS) 


1+GHj ( S ) 


E, AH. 
1 1 


S(V T e )+S ' Ve +K A 


- • e t ah. 

S^+S(nr * + m— )+ -7jrY" 

' A e ’’ A e 


^: H i wvo 

2* 0 l n ^l /iH i 
s + S . ^ + ^ 

.. (4.23) 


Comparing the denominator of equation (4.23) with a standard 


2nd order equation, we get, 
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2t w„ 


WVe 


T.T 
A e 


4K-, AH. 

1 i 


4K AH . T A 

-J- JL 1 1 


(4.24) 


Let the current controller gain be designed for 10/ overshoot, 

then the value of the current controller will be given by 
I 0.718 T 




AEL T 


(4.25) 


4.7.2 


REALISATION OP THE CURES T CONTROLLER 


The realisation of the current controller is done by 
using a simple operational amplifier with a gain Z^ and is sho- 
wn in Pig. 4. 6. The ^2.^2 an ^ ^3 values are choosen according 
to the value of K-^ and the steady state feedback factor of the 

current feedback filter i.e. H. . The gain of the current cont- 

R s 

roller is given by Z^ = -g- (4.26) 


As the factor is chosen such that with the rat- 
ed current in the rotor circuit, the magnitude of the feedback 
signal V fi is equal to the current controller reference signal 
^Ei* "k* 1 ® values of R-j. an< ^ s -* 10U f ( ^ "ke e l ua f • 

4.7.3 SPEED CONTROLLER 

While designing the speed controller, the current 
loop has boen approximated by a first order system of an equi- 
valent gain [17,18] of K' = g; = 0.417 and an equivalent time 
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T 2 (1+wV) - I (l +W 2 T 2 ) 


w; ,, j£ 2 

u+w 2 Tf)(i+w 2 i 2 r ” 
£ ¥ y 


or T 2 (l+w 2 T 2 ) - T (l+w 2 T 2 ) 


or 1 ? +w 2 T 2 T - T - w 2 T 2 T = 0 

c- ¥2 ¥ 2 ¥ 


or w 2 ! T~ (T - T ) = T _ rp nr TT 2 l, 

w 2 v w 2 ; w 2 or w V r 


T T_ 
w 2 


Therefore w = V gr t^* - 

¥ 2 


i.e* w c / m j_ n i mum phase lag 


( 4 . 30 ) 


Let T^ = x 2 ^, x^ 1 

Therefore, w / . . , 

* c minimum phase lag 


SS 

xTTg 


fT . x 2 T tt 
1 w w 


( 4 . 31 ) 


Therefore, the magnitude of GH (S) at this frequency is 


/GH w (w 0 )/ 


KgK dqH^l+w^ l|) 1/ 2 

2 mm / n ,.2 m 2 nI/2 


< T 2 T m( 1+w c V 


K^Hq^d+x 2 ) 1 ^ 2 
. T ( 1 + ) 1/2 


K 2 K I 4 qH w .T 2 


( 4 . 32 ) 


Therefore, K £ = f’TqlTT 


w * A 2 


( 4 . 33 ) 



82 


(l+ST 9 ).x 

Now from equations (4.28) and (4.33), we get Gil (S)= — 

w S .Igd+ST ) 


S 2 xV( 1 + ST w ) 


(1+Sx^T ) 

TMT 

"i — i — i m 

x 3 T 2 S 2 (1+ST w ) 


...... (4. 34 ) 


Now the characteristic equation of the transfer function of the 
speed loop is given Toy 

(1+Sx 2 T„) 

— = 0 or n^T .. 

w 


w‘ 


1+GH(S) = 1 +' 

W xW(l+S!I, ) 


0 or * 5 T 2 S 2 (1+ST ) + 1 +Sx 2 T= 0 
w w w 


w 


w 


or x 


3 T 2 S 2 + x 3 T 3 S 5 + Sx 2 T + 1 + x 2 T 2 S 2 - x 2 T 2 S 2 + xT S - xT S= 0 
w w w w w w w 


or (1+xT S) [l+x 2 T 2 S 2 + x(x-l) T S] = 0 

¥ W ¥ 


(4.35) 


The value of ’ x' is to he chosen from the consideration 
of the damping ratio of the system. Comparing the second order 
equation in (4.35) with a standard second order equation and ch- 
oosing the damping ratio of 0.707 for the speed loop, we get 


q2 , ( X— 1 ) g ^ 

S + ■ • + ££ 


2 1 

0 Therefore, w„ = — y ~ -y~ , 

n aTT_ 


¥ 


¥ 


2 Kw 


= Therefore,^ 2 = 


n sfD, 


0.5 


w 


Therefore x = 1+V 2 

x 2 T = (1+V"2) 2 . T 


Therefore, T 2 


w 


w 


(4.36) 

(4.37) 
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xT 


m 


K’4qH x^T 
- u w w 


m 

UZfZTW* hT w 

(4.38) 


Substituting the values, we get q = 0.62 


Therefore, K 2 = — — - — ■ — — Q-»iL375 , . _ „ 

(1+1/2) x 4 x 0.62 x 0.417 x 62 x 10~^ 

T 2 = (1+V2) 2 x T w = (l+f2) 2 x 62 = 361.4ms. 


4.7.4 REA1IS ' TIOJT OF SPEED CONTROLLER 

The realisation of the speed controller is as shown 
in Fig. 4.8. The values are given T 2 = R^C, K 2 = R^/Rq 


4.8 POTTER FACTOR CORRECTION LOOP 

The schematic diagram of the power factor correction 
loop is shown in Fig. 4. 9. The zero crossing of both phase to ne- 
utral voltage V and the stator current I in sensed. The zero 
crossing of the phase to neutral voltage is sensed with the 
help of a monostable. The ZCD of the phase to neutral voltage 

(Y ) which is the input to the mono stable is taken from Fig. 2. 10 
8 * 

in Chapter 2. Similarly the stator current signal I g taken acro- 
ss a 0.5 shunt is given to a ZCD for squaring. The ZCD is then 
passed through an opto-isolator stage to provide isolation for 
the power factor correction loop from the power stage. The in— 
vertex ZCD from the opto-isolator stage is then provided to a 
monostablo to sense its falling edge which will be the positive 
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zero-crossing edge of the current signal* Tito 4 bit counter 
stages are cascaded to form a counter which will start cou- 
nting at the zero crossing edge of the phase to neutral vo- 
ltage (V ). Since we have to count from zero to ninety in 
the time duration of the quarter of a cycle, so the clock fr- 
equency of the counter, which is supplied from a astable,has 
a frequency of 90 x 4 x 50 = 18 KHz* The output of the count- 
er is given to a 8282 latch* The 0E output of the latch is 
kept permanently grounded. The output of the mono stable which 
is used to sense the positive zero crossing of the stator cu- 
rrent signal is used as a strobe signal for the latch. This 
is done in order to make the latches transparent at the posi- 
tive zero crossing edge of the stator current signal so that 
the count registered in the counter, which is directly propo- 
rtional to the phase difference between ? a and I g , goes at the 
output of the latch. At the high to low transition of the str- 
obe signal, the data from the counter gets latched. The output 
of the latch is given to a DAC to give the analog value of 
the corresponding count registered in the counter. The reference 
voltage of the DAG is kept at +5V . The output of the DAC will 
give the value of output between 0 and 5V. Since the DAC is a 
constant current source, hence a current to voltage converter 
is -necessary at the output of the DAC. The output of the current 
to voltage converter will var y between zero to -5V which is 
used as a control signal X c for the firing circuit shown in Dig. 

2.12 of Chapter 2. 



87 


The s system block diagram is shown in kig.4-.10. The 
values of all the parameters are given in Appendix D. 

Using the control system deseribed in the above sec- 
tions, the speed-torque characteristies were obtained. Fig. 
4.11 shows the speed— torque characteristics with all the con- 
trol loops on, at various initial speeds. 




System block dia 













1600 
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l 
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4*11 Closed loop speed-torque characteristics 



OIIAPi'SE 5 


0 OHO LU s ions 


Hie slip power recovery scheme with a nex-r control st- 
rategy has improved the supply power factor of the drive to a 
grec*b ex ten fe * Such an improvement is definitely not possible 
xfi uh the schemes reported so far [l — 0] « Because of multipu— 
Ise width modulation, the ripple in the direct current is co- 
nsiderably reduced and the inverter harmonic current spectrum 
has shifted from loxfor order to higher order* A novel method 
of starting the drive is explained* I’he starting thyristor is 
automatically turner! off by the gating pulses of the inverter. 
7.o forced commutation circuitry is, needed to turn off the sta- 
rting thyristor. Ihe steady state performance cliara c t er i s t i o b 
have been determined bxx simple 1)0 and AC equivalent circuits 
which have provided results to a satisfactory accuracy as re- 
vealed by the experimental verification, ft. is nerr slip pox-er 
recovery s r-he.no in comparison with the earlier reported sche- 
mes is somewhat complex since it employs forced commutation, 
however, the significant improvement in performance makes it 
highly desirable for industrial applications where induction 
motor drives are preferred, the study has also revealed vers- 
atile speed-torque characteristics similar to those of a sep- 
arately excited dc did tor. 



A lie met land fnr controlling t lie supply po^er factor 
o^. tie drive under closed— loo]p operation is suggested* Hie 
tranni or function of vaorious Hooks in the closed— loop oper- 
ation arc derived. A simple procedure for predicting the cl- 
oned-loop performance is delineated. 


APPENDIX A 


In. this appendix, the expression for average counter emf 
is determined as a function of the pulse width. In equal pu- 
lse width modulation, since the modulating signal is a dc 
level, hence the chaa ge of pulse widths with a change in mo- 
dulation index is linear. For unity modulation index, the 
width of each pulse is 1.66m sec. In determining the expres- 
sion for the average counter emf, the modulation index is 
varied from unity to zero in steps of 0*1 i.e. with a change 
in pulse width of 0.0166m sec. Hence the average counter e mf 
will be a function of the pulse width which is also a func- 
tion of the modulation index. 

Let V ab = V6 V sin(wt + 30°), V bc = f6 V sin(wt - 90°), 
V ca = f6 V sin(wt - 210°), where V is the rms phase voltage. 
Let 2d be the width of each pulse and m be the number of 
pulses/phase/half-cycle. The expression for the average 
counter emf for the phase shift range of 0° to 30° is ; 


2d 2n/3m+2d 

v - v - r f«V6 sin(wt-n/2)d(wt )+ ( ][6 sin(wtW6)d(wt )- 

1)0 it L J £ , 

0 2Tx/3m 


4%/ 3m+2d * 

f f6 sin (wt - 7tf/6) d (wt) - Jf6 sin (wt - s/2) d (wt) 
471 /3m 2u/m-2d 


2tc/m+2d 

Jf6 sin(wt-77t/6)d(wt )- 

2%/m 


87t/3n+2d 10it/3m+2d ; 

(fS sin(wt-7n/6)a(wt)+f|6 sin(wt-li/2)a(: 
8*/3 n i 
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n+2n/3m 

j sdn(wt+n/6)d(irt) -J T6 Bia(wt-7«/6)d(vt) - 
71 n:+27i/3m-2d 


Tc+2rt/3m+2d lt+4n/3m+2d n+2rt/m+2a 

JV 6 sin(wt-Ht/6)d(wt) -J|6 s in( w t + ^/6)d( w t) + J>6 S in(vt-W6)a(vt) 

■*+Z*/3* *+4it/3m 


n:+8Tt/3m+2d 

V"6 sin(wt-*w/2)d(wt) - 
7E+8it/3in 


u+10ic/3m ir+lC>rt/3Ei+2d 

J~fe sin(wt+jt/6)d('trb) -Jy6 sin(wi:-tc/2)d(-w r t)] 

ic+10rc/3ia-2d w+10ic/3m 


= ^ [ [cos(vt-ii/2)] 2d - [oos(rb-Mi/6)]|”^ +2a + 

[co B (>rt-7s/6)]^m+2d + [ oos ( wt-n/ 2 ) ] |*^_ 2a +[oos(wt-7i</6)]g^ +a 


+ [oos(wt-7n/6)]®^|m+2d _ [ oos ( wW / 2 )]1°^3“+2<1 + 

[coB(wt-Hc/6)]^ +2i + [cos(wfc-7it/6)]J+^|”_ 2a .+ 


[eos(wW6)]£§^ , ' 2a + toos(rtW6)]J|^^“ +2a - 


[oo.t.t-WS)#^ 24 + [oo S (wt-,/2)]^^ +2d + 

[co 8 (wtW6)]*£^2d + [eo.(^Mi/2)];iJg|^ M ] 


sin d [2 sin(2ix/3m+7t/6+d)- sin(4TC/3m+d-7rc/6)j 

TC g* | 

- sin ( 2it / m-D /2-d )- 2 sin(2it/m+d-77t/6)- sin(8Tt/3n>-7it/6+d)+ j 


sin( 2rc/3i | > w 7'n:/6-d)+ sin(4’rt/3m+d+Tc/6)+ sin(8ir/3BH-d--n;/2)+ 


/ 

sin(10rc/3n>-d-Ht/6)]- + 0.433] .... U.l) 


Similarly the expression for the average counter emf 

in the range of phase shift angles between 30° and 60° is ! 

given by : , 

v 2 5 2it/3m+2d | 

V D0 = n t J ~ V 6 sin ( wt-it / 2 ) d ( wt ) + J ][6 sin(wt-m/6)d(wt ) + ! 

^ 2ic/3m : 

4ic/3r.i+2d 2m/m+2d 8-jt/3m+2d 

J V"6 sin(wt-Hi/6)d(wt) + j"^6 sin(wt-Hi/6)d(wt)— sin(wt— 7it/6)d(wt) ' 

W3m 2n/m Qn /3m 

10it/3m+2d ix+2d 

+ JV"6 sin( wt-n/ 2 )d(wt ) + J V6 sin(wt-Tc/2)d(wt ) + 

10ri/3m it 

it+2irc/3iiH-2d it+4it/3Ei+2d Tc+2rt/in+2d 

| tf6 sin(wt-Tt/2)d(wt ) »J*f6 sin(wt+-rc/6 )d(wt ) + fY6 sin(wt-7n/6)d(wt) 
%+2n/ 3n n+4ic/3m it+2ii/m 

n+8n/3m+2d n+10n/3m+2d 

+ sin(wt*-7it/6)d(wt ) +£y6 sin(wt-7‘rc/6)d(wt )] 

7i+8tt/3m h+10tx/3u 


°r V D q » [ [cos(wt^/2)] 2d - [cos(wt+it/6)]^^^ +2d - 

[oos(wt-Hi/6)]^|“ +2d - [oos( w t+n/6)]|J^ +2a +[ooB(wt-7it/6)]|j^“ +2d 

- [oos(wt-n/2)]^|“ 2i - [cos(itW/ 2)]J +2S -[oos(wt-it/2)]”^^“ +2d 
+ [oos(wt+u/6)]”^^g +24 - [oos(vt-7it/6)]^^“ +2a - 

roosCwt-Ti./S)]^^ 24 - [co3(,rt-7V6)]^|r 2a ' 3 ‘ I 


6 


or ^DO ~ [sin(2d)+sin d[sin(2n/3m*Hx/6+d)+2 sin(4K/3m+K/6+d) 

+ sin( 2it/ra-Hi:/6+d )— 2 sin. (8k /3m— 7rc/6+d)+ sin( 10K/3m— K/2+d) — 

sin(27t/3rMt/2+d) + sin( 2K/nw7K/6+d) - sin(lOK/3m+d-7K/6 )] ] 

• • • * (A. 2) 


Similarly the expression for the average counter EME 1 in 
the range of phase shift angles between 60° and '90° is given 
by : 


2d 


2K/3m+2d 


VpQ = [J sin(wt-7K/6)d(wt)+ J sin(wt+K/6)d(wt ) 


0 


2k / 3m 


4K/3m+2d 2K/m+2d 8K/3m 

| nin(wt+K/6)d(wt ) + j"sin(wt+K/6)d(wt) + £ sin(wt-K/2)d(wt ) + 

4k / 3m 2 k/ei 8k/ 3m- 2d 

8K/3n+2d 10n:/3m+2d K+2d 

J sin(wt+K/6)d(wt ) + £ sin(wt-K/2)d(wt) + j sin(wt-K/2)d(wt) + 
8k/3h 10k/ 3m k 

K+2K/3m+2d k+4k/ 3m K+4K/3m+2d 

J sin(wt-K/2)d(wt) + J*sin(wt~7K/6)d(wt) + J sin(wt-K/2)d(wt ) + 
K+2K/3m K+4K/3m-2d K+4K/3m 

K+2K/m+2d K+8K/3m+2d K+10K/3m+2d 

J sin ( w t- 7k/6 )d ( wt ) +j" sin(wt-7*/6)d(wt) + j sin(wt-7K/6)d(wt) + 
K+2K/m K+8K/3m K+10K/3m 

2k 


J sin(wt+K/6)d(wt) ] 


0*3 

&$t***£ U 
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it+2d 


or T D0 = t - [cos(wt-7Ti/6) ] 24 _ [cos(wt-Hi/6)]|j^“ +2d 

- [oos(wt+n/6)]|j|^“ +2a _ [cos(wt+it/6)]^“ +2a -[cos(wt-n/2)]|*^_ 

- [oos(wt+Tt/6)]g^|“ +2d - [=os(,,t-i t /2)j^/g +2a - [cos(wfc-it/2)J* 

- [ooeiwt-i./a)]^^" 24 - [»B(-t-WS)]^ 24 - 

[ OT s( W t-,/2)]-W/ir 24 - [<»■<-* - W6)]r + f^ 2d - 

[oo s ( W t-7«/6)]^H + 2d _. [cos{wt _^ /6)] x : i0,^n + 2d . 

[ cos ( wt+n/ 6 ) ] 2^-. 2d ^ 


or y _ g.Vffi j- cos( , 2d-it/ 2 . ) . + CO s(n/6-2d) - 0,866 + 

DO to 

sin d[sin(2n/3n+n/6+d) + sin(4n/3iw-d+n/6) + sin(2n/m-d+tt/6) + 


sin (8n/3n-d-x/2) + sia(8n/3mMt/6+d) + sin(10n/3ia+a-ii;/2) - 
sin(27i/3D+a-it/2) - sin(W3m-d-W6) - sin( W3m+d-it/2) - 
sinC*/W-7*/6> - sin(8 lt /3n+a-7K/6) - sinUO^^d-TB/e)] 
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APPEMDIX B 


Prom Pig. 3*11, the fundamental component of the inverter curr- 
ent is determined as. 


a 


1 



2n/3m+2d W3m+2d 2it/m+2d 

f w * 

— IjjCoswt dCwt )+ J — I^coswt d(wt )+ _| — IjjCos'wt d(wt)+ 
2u/3m 4n/3m 2Tc/m 


8n/3m+2d 
j"I D coswt d(wt)] 
Oit/3m 


h r r 
% 1 l 


2%/3l 


21 

a - — ^[sin(2n/3m+2d)-sin(2ii/3m)+sin(|~ + 2d) -sin(4ic/3m) + 
*.n(2r./m+2d) -sin (2it/m)+ sin(8ix/3m+2d)-sin(8-n;/3m)] 

-s _ [cos(27t/> +d )« sin a + cos(4T:/3m+d). sin d + cos(2it/m+d) 

% *" 


sin d + cos (8 tc/3di + d )* sin d 3 

= _ il^tsin a[cos(2it/3®ta)+ oos(4ix/3m+d) + cos( 2 u/m+a) + 


cos (8Tt/3ni +d )3 3 


• ♦ • » 


(B.l) 
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2 2tt/3m+2d 4it/3m+2d 

= % - I-pSinwt d('w r t) + - 1^ sinwt d(wt) + 

211 /3m 4ic/3m 

2n/m+2d 8ix/3m+2d 

sinwt d(wt) ■+■ J - Ijj sinwt d(wt)] 

2n/m 8ix/3m 

21 

= V 8 [ [oo.vt]H^ + [ooswt ]^ 23 + [coswt]|^“ +2a + 

21 

= [cos(2it/3m+2d) - cos(2rc/3m) + cos(4it/3m+2a) - cos(4n/3m) 

+ cos(2it/m+2d) -cos(2rt/m) + cos(87i/3m+2d) - cos(8it/3m) ] 

\ 

^ 1*31 

_ — £ [sin d[sin (2it/3m + d) + sin(4rc/3m + d) + sin (2n/m +d) 

% 

s* sin {8-jc/3m +d) ] •••• ( B * 2 ) 


Therefore, fundamental component of inverter current 

I lf = V 3 ! + ’’l 


(B.5) 


RMS value of the I if = - yj> — ( B *4) 

In general, the Fourier coefficients are given hy, 
2-rc/3m+2d 4rc/3m+2d 

2 


a, 


'n ix 


l f -IpCOsnwt d(wt) + | - Tp cosnwt d(wt) 

2*/5* 47t/3m 


2u/m+2d 

+ J - Ip cosnwt d(wt) 
2%/m 


87t/3m+2d 

f I_ cosnwt d(wt) ] 

8ix/3m 
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* 

nit® £ [sirnnrt^g+Sa + tsin<awt]^3m+2d + [aln ^]|j^H-2a 

+ [simwt]|^m +2a ] 

21 D 

nit" C 8ln n(2K/3m+2a) - sin 2ra/3m + sin n ( 4x/ 3 m+2a ) _ 
nin ta/3ra + sin n(2^/m+2d) - sin 2n*/m + sin n (8V3m+2d) - 


{tin 8nu/3ni ] 


41 

nit 


D 


[ cos n(2ic/3m+d). sinnd + cos n(4it/3ni+d)* sinnd + 


n(2n;/nH-d) f sinnd + cos n(8u/3m+d). sinnd] 


41 


\iit ‘ [cos n(2ix/3m +d) + cos n (47t/32H-d) + cos n(27t/m+d) 


cos n (87c/3m + d)] ] 


.... (B.5) 


- .milaily, 

2rc/3ni+2d 47t/32i+2d 

n = % [ X "* sinnwt d(wt) + J'*- sinnwt d(wt) + 

2it/3m 471/321 

Z:i /m+2d 8tc/ 3m+2d 

- T-jj sinnwt d(wt) + J - I-p sinnwt d(wt) ] 

Zr./m 871/321 
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= ^ t [eoBnrtl^ r 2d - [oo-rt]^ 24 + [00-nrt]^ 24 

+ [cosnwt]^ 24 ] 



nit 


[sinnd [sin. n(2it/3ntf-d) + sin n(4it/3m+d) + sin n(2it/m+d) 


+ sin n ( 8it/ 3ni+d )] *«•* ( B , 6 ) 


Therefore, Fourier components are given by 

#••• (B*7) 


I = Va 2 +b 2 
x n v n n 


K + ^ 


RMS values is given by — 
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APPENDIX 0 

DETAILS OP THREE PHASE SLIP-RING INDUCTION MOTOR, LOADING 
GENERATOR AND TACHOGENERATOR 


Three phase slip-ring induction motor 
3HP, 1440rpm, 400V, 50Hz. 

Rated Stator Current : 5.0A 

Rated Rotor Current : 10. OA 

Rated Rotor Voltage : 145.0V 

Stator/Rotor Turns Ratio : 2.76 

The per phase equivalent circuit parameters, referred to 
stator, are given below : 

R^ -= 1,6 3L, 

X-j. = 2.9 


X 




=40.8 JX- 


X m =79.2 JW 

m 

x 2 = 2.9 s *~- 

R, = 3.37 

£ 

DC Loading Generator (Seperately Excited) 
5HP, 240V, 19. 7A 
Speed * 1150/2800rpm 

Field Current s 1.06/0* 34A 


Field Resista-^ 
nee ! 


174 J2— 
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3. Permanent Magnet lachogenerator 
lOOOrpm, 100Y 

vffe - «>•<> 

4 . Moment of Inertia of the set-up 
J = 1.75 Kg - m 2 

5 C P liter Inductor Hating 

220/250Y, 0 - 15A, 50mH 
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APPENDIX D 


K 2 = 2.82 

T 2 =s 361.4 msec. 

K x = 17.23 

A = 0.46 

T a = 83 msec. 

T = 22 msec, 

e 

q = 0.62 

T = 437,5 [22]msec. 

m 

H ± = 2.4 

I, =s 100 msec. 

1 

H w = 1 

w 

T = 62 msec, 

w 
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